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The hemoﬂagellate Trypanosoma cruzi is the causative agent of American trypanosomiasis. Despite the importance of motility in
the parasite life cycle, little is known about T. cruzi motility, and there is no quantitative description of its ﬂagellar beating. Using
video microscopy and quantitative vectorial analysis of epimastigote trajectories, we ﬁnd a forward parasite motility deﬁned by
tip-to-base symmetrical ﬂagellar beats. This motion is occasionally interrupted by base-to-tip highly asymmetric beats, which
represent the ciliary beat of trypanosomatid ﬂagella. The switch between ﬂagellar and ciliary beating facilitates the parasite’s
reorientation, which produces a large variability of movement and trajectories that results in diﬀerent distance ranges traveled by
the cells. An analysis of the distance, speed, and rotational angle indicates that epimastigote movement is not completely random,
and the phenomenon is highly dependent on the parasite behavior and is characterized by directed and tumbling parasite motion
as well as their combination, resulting in the alternation of rectilinear and intricate motility paths.
1.Introduction
Trypanosoma cruzi is a ﬂagellated protozoan that is the
causative agent of Chagas disease, a debilitating and incur-
able fatal illness that aﬀects 20 million people in Latin
America [1]. This parasite presents a complex, biphasic life
cycle, moving between invertebrate and vertebrate hosts in
which three alternate developmental forms (epimastigotes,
metacyclic and bloodstream trypomastigotes, and amastig-
otes) can be identiﬁed by their morphological features.
Amastigotes are characterized by the presence of a short
ﬂagellum, while epimastigotes and trypomastigotes have a
long ﬂagellum that emerges from the ﬂagellar pocket, an
organelle that together with the cytostome is involved in the
endocytic and exocytic pathways of the parasite [2–5].
Like other ﬂagellated cells, the ﬂagellum of trypanoso-
matids propels the parasite through the action of its
mechanochemical oscillator, which generates motile forces.
Cilia and ﬂagella are organelles that have been highly
conserved over the course of evolution and are encountered
in a variety of organisms from protists to mammals. There-
fore, the trypanosomatid ﬂagellum shows the characteristic
pattern of nine pairs of peripheral doublets and one central
pair of axoneme microtubules that is conserved among
eukaryotes. The peripheral microtubules bear inner and
outer dynein arms, radial spokes, and nexin links, while
the central-pair microtubules show speciﬁc projections. The
doublets are tethered to the cell via the basal body and
are attached to each other by nexin links. The dyneins
are the molecular motors that cause adjacent microtubule
doublets to slide past one another. The action of the dyneins
is coordinated through a dynein-regulating complex, and
the signals are transmitted across the radial spokes, which
together produce the waveforms of cilia and ﬂagella [6–8].
This sliding is translated into ﬂagellar bending.
The ﬂagella of trypanosomatids also present another
structure that is unique to kinetoplastids, euglenoids, and
dinoﬂagellates, which is named the paraﬂagellar rod (PFR)
(reviewed in [9–11]). The PFR is a lattice-like structure that
runs parallel to the axoneme within the ﬂagellar membrane.2 Journal of Biomedicine and Biotechnology
It has proximal, intermediate, and distal domains; its diam-
eter is similar to that of the axoneme; it is anchored to the
axoneme via connections to doublets 4 to 7 [12–14].
Because the ﬂagellum is composed of diverse structures,
and is highly dynamic, intense, and highly coordinated,
conformational changes of the axonemal microtubules,
associated structures and PFR are required to perform all
of the functions in which the ﬂagellum is involved. Reverse
and forward genetic tools have been used to evaluate many
aspects of ﬂagellar function and movement. The main
ﬂagellar components have been silenced, disrupting ﬂagellar
motility. Thus, it has been shown in trypanosomes that
the ﬂagellum plays key roles in cell morphogenesis [15],
attachmenttotheinsect hostepithelium [16],mitochondrial
DNA segregation [17], and cell division [18]. In addition,
ﬂagellar motility has shown to be essential for T. brucei
survival in the mammalian bloodstream [19].
Although the genetic approaches have allowed for a con-
siderable increase in the knowledge of diﬀerent aspects of
ﬂagellar function and movement, little is known about
parasite motility modes and ﬂagellar beat. Quantitative
analyses of the ﬂagellar beat in T. brucei [20, 21]a n dL. major
[22] have been reported; however, there exists no description
of ﬂagellar beating in T. cruzi.
RecentstructuralanalysisofthePFRduringepimastigote
ﬂagellar beating in T. cruzi suggests that the three portions
(proximal, intermediate, and distal) of the PFR are rear-
ranged, undergoing dynamic remodeling during ﬂagellar
beating [5]. Nevertheless, a quantitative understanding of
epimastigotes beating is still lacking, and very little is known
about the motility of T. cruzi epimastigotes.
In the present study, we analyzed the motility and ﬂag-
ellar beating of Trypanosoma cruzi epimastigotes. Images
of free-swimming epimastigotes were captured by video
microscopy, and a quantitative analysis of the distance
traveled by individual epimastigotes was performed. The
time trajectory of each parasite was decomposed into
distance, speed, and rotational angle to facilitate a more
detailed quantitative vectorial analysis, and a population-
wide analysis was also performed.
2.MaterialsandMethods
2.1. Parasites. Epimastigotes from the T. cruzi CL-Brenner
strain (a well-characterized strain and a reference strain for
the genome project) were cultured in liver infusion tryptose
medium (LIT) containing 10% fetal bovine serum (FBS) and
0.1mg/mL hemin at 28◦C. For all experiments, the parasites
were grown in homogeneous conditions and were sampled
for use in experiments while in the logarithmic growth stage
at48hours.Thestockculturesweregrownevery4daysusing
1 × 106 parasites as an initial inoculum to guarantee the
homogeneity and active motility of the parasites.
2.2.VideoMicroscopyandMotilityAssays. Theparasiteswere
labeled with carboxy-ﬂuorescein succinimidyl ester (CFSE)
green ﬂuorescent stain (Molecular Probes, Eugene, OR) as
follows. Epimastigotes (5 × 106) in log-phase growth were
washedwith1XPBSandstainedin1mLofPBSwith0.5mM
of CFSE at room temperature for 20min in the dark. After
three washes with 1X PBS, 10μL drops of epimastigotes
(5 × 106/mL of 1X PBS) were placed onto coverslips, and the
parasites were allowed to move freely. The motility videos
of the stained parasites were taken through an inverted
confocal laser microscope (Leica SP5, DM 16000, Mo) with
a 488nm ﬂuorescence excitation ﬁlter and an HCXPLAPO
lambda blue 63x 1.4NA oil objective. The images were
captured and analyzed using the LAS AF software (Leica
Application Suite Advanced Fluorescence Lite/1.7.0 build 1240
Leica Microsystems). The images were captured in the time
series mode at a rate of 10 frames/sec and recorded at
10sec/sample.
2.3. Image Processing and Statistical Treatment of Measure-
ments. For motility assays, the movement of the labeled cells
was measured and analyzed using the Image-Pro plus V
6.0 Media Cybernetics program. For trajectory analysis, we
returned the datasets xi and yi, which represent the parasite
horizontal and vertical coordinates, respectively, at time ti,
after the start of recording. The ﬁrst step of the trajectory
analysis was the calculation of the distance traveled between
two consecutive times, ti and ti+1. For this calculation, we
used the following well-known formula from vector analysis,
which we implemented in MATLAB 7.1:
di =

(xi+1 −xi)
2 +

yi+1 − yi
2. (1)
Because all time intervals between consecutive points are 1
second long, each distance di is numerically equal to the
corresponding velocity vi. Once all instantaneous velocities
vi for a given parasite were obtained, the average individual
parasitevelocityv andthecorrespondingvelocityhistograms
were calculated. Next, the angles between two consecutive
displacements [ti−1,ti]a n d[ ti,ti+1]w e r ec a l c u l a t e df o re a c h
parasite using the following equation (also implemented in a
custom MATLAB 7.1 routine):
θi= sicos
−1

(xi+1 −xi)(xi −xi−1)+

yi+1 − yi

yi− yi−1

di−1di

,
(2)
where di−1 and di are the distances traveled by the parasite
during displacements [ti−1,ti]a n d[ ti,ti+1], respectively, and
si is given by
si =
(xi −xi−1)

yi+1 − yi

−

yi − yi−1

(xi+1 −xi)
 (xi −xi−1)

yi+1 − yi

−

yi − yi−1

(xi+1 −xi)
 . (3)
From the theorems of vector analysis, it can be proven that
si = 1 for a counter-clockwise rotation, while si =− 1
otherwise. Once all angles θi were calculated for a parasite
trajectory, we computed the corresponding histogram and
repeated the procedure for all of the parasites studied.
Because all histograms were approximately symmetrical, for
each trajectory, we further calculated the average of the
absolute value of the angle θi as a measure of the intricacy
of the corresponding trajectory.Journal of Biomedicine and Biotechnology 3
3. Results
3.1. Motility Analysis of Free-Swimming Epimastigotes. The
motion of free-swimming epimastigotes was analyzed using
video microscopy, and the videos were processed with
the Image-Pro plus V 6.0 Media Cybernetics program to
study the cells motility traces. Figure 1 illustrates the cell
motility and ﬂagellar beating of T. cruzi epimastigotes. The
parasites were highly motile, and showed great variability
of movements and trajectories, which was characterized by
alternating periods of translational cell movement, tumble
and shutdown (Figures 1(a), 1(b),a n d1(c)) that resulted in
diﬀerent distance ranges traveled by the cells (Figure 1(d)).
The main waveform was a tractile beat that initiated at
the tip of the ﬂagellum and propagated toward the base,
resulting in forward cell propulsion. In the free-swimming
epimastigotes in which cell motion was not impeded, the
wave amplitude did not change detectably along the entire
free ﬂagellum (Figure 2), as observed in Leishmania major
[22]. This tractile beat was occasionally interrupted for short
periodsofbase-to-tipwavebeatsthatledtothereorientation
of the anterior ﬂagellar end and then the parasite body
with no evident backward motility (Figure 1(e) light blue
region, Figure 3andVideo1).ThesedatasuggestthatT.cruzi
shows a forward cell propulsion with a tip-to-base ﬂagellar
wave propagation, as has been reported for Leishmania and
African trypanosomes [20, 22].
3.2. Free-Swimming Epimastigotes Travel Diﬀerent Distance
Ranges. Quantitative analysis of cell motility traces of the
ﬂuorescent epimastigote population showed that the aver-
age velocities of the parasites ranged from 1μm/10sec to
400μm/10sec (Figure 4). The highest percentage of parasites
(30%) traveled at the maximum velocity (400μm/10sec),
while the next highest percentage of epimastigotes (21%)
traveledattheminimumvelocity(1μm/10sec).Theremain-
ing epimastigotes traveled diﬀerent distances at diﬀerent
speeds between these extremes (20% at 21–40μm/10sec,
14% at 41–60μm/10sec, 7% at 61–90μm/10sec, and 8%
at 81–100μm/10sec) at variable levels without displaying a
particular pattern. Even though the diﬀerences in the average
velocities may have resulted from diﬀerences between cells
in motion and cells attached to the microscope slide, all of
the parasites had a vigorous motion, and the amplitude and
frequency of the ﬂagellar wave was constant.
3.3. Vectorial Analysis of Parasites Trajectories. The time tra-
jectories of free-swimming epimastigotes through the liq-
uid medium were decomposed into distance, speed, and
rotational angle to facilitate a more detailed quantitative
comparison. Vector analysis was then applied to characterize
the speed and rotational angles of all individual trajectories
of each parasite using a custom MATLAB 7.1 routine, and
the average behavior of the epimastigote population was
determined.
The speed data showed that the speed of the para-
sites could be described by a Maxwell-Boltzmann distribu-
tion, suggesting that epimastigotes undergo Brownian-like
motion. The wide parasite-to-parasite variability in average
speed(vi = 6.37±0.7) suggests that, in addition to Brownian
motion, ﬂagellar beating also contributes to the motility of
epimastigotes (Figure 5).
As shown in Figure 6, the rotational angle analysis
indicated that the angular change was approximately sym-
metrical over the entire range from −180 to 180 degrees
in the free-swimming parasites. This ﬁnding indicated that
there is no preference in the direction toward which parasites
rotate, and it suggests a high degree of stochasticity. As the
rotational angle histograms were not ﬂat but rather showed
ad i ﬀerent bias for each parasite, the movement of parasites
was not completely random, and the phenomenon was
highly dependent on parasite behavior. The smaller angles
were produced during directional drift through directed
motion, whereas the larger angles were produced during the
spin and tumble stage when the ﬂagellum does not show
coherent directed motion. The rotational angle histogram
for free-swimming parasite motion showed a peak centered
at small angles, indicative of almost rectilinear paths, with
few abrupt changes in direction. This behavior was clearly
observed when speed and rotational angle were analyzed
together (Figure 7). The same symmetrical behavior was
observed in all the randomly chosen parasites analyzed, and
the average angular change was θi = 85 ± 15, even for
parasites that had traveled diﬀerent distances.
Taken together, these results indicate that epimastigotes
from the same population taken from the same cell culture
and exposed to identical environmental conditions do not
follow a single motility mode.
4. Discussion
Even though that the motility process of trypanosomatids
is important for survival, completion of the life cycle, and
establishment of parasite infection, the molecular mecha-
nisms involved remain poorly understood.
The recent publication of complete genome sequences
for T. cruzi, T. brucei,a n dL. major [23–25], the studies
of the trypanosome ﬂagellar proteome [19, 20], and the
feasibility of genetic manipulability of these organisms have
shed light on the key roles of some molecules that participate
in parasite motility and ﬂagellar function. However, little
is currently known about the general characteristics of
motilityandtheﬂagellumbeatingprocesses,andanin-depth
quantitative description against which hypotheses could be
tested is lacking. For the “Tritryps,” quantitative analyses of
the ﬂagellar beating and free-swimming motility properties
have only been reported in T. brucei [20, 21]a n dL. major
[22].
Using video microscopy and vectorial analysis of par-
asite trajectories, we have found that the motility of free-
swimming epimastigotes of T. cruzi is characterized by (a)
a large variability of movements and trajectories with alter-
nating periods of translational movement, tumble, and shut-
down of the parasites; (b) forward motility resulting from
tip-to-base ﬂagellar wave propagation; (c) a symmetrical
rotational angle that indicates a high degree of stochasticity;4 Journal of Biomedicine and Biotechnology
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Figure 1: Trypanosoma cruzi motility analysis by time-lapse microscopy. (a) Direct observation of CFSE green ﬂuorescent-labeled free-
swimming epimastigotes analyzed by confocal microscopy. (b) Motility traces of epimastigotes. The positions of each individual cell are
plotted at 10 frames/sec and recorded for 10sec/sample. The starting position of each epimastigote is in red. The video clips used to generate
thesemotilitytracesareavailableassupplementarymaterialavailableatdoi:10.1155/2012/520380(Video1).Thearrowindicatestheparasite
trajectory analyzed in panels (c, d, and e). The graphics represent the distance (c), angles (d), and speed (e) through consecutive frames of
the selected parasite (arrow) of panel b. The color bars indicate the average value of each segment analyzed using the same color scale as the
motility traces.Journal of Biomedicine and Biotechnology 5
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Figure 2: Analysis of the symmetrical ﬂagellar beating of T. cruzi. (a) Parasite position and direction of motion (arrows) of four consecutive
frames of an epimastigote with forward cell propulsion obtained from the green region of Figure 1. The amplitude and frequency of the
ﬂagellarwavewereconstantandsymmetrical.(b)Fixedandsuperimposedimagesfrompanela.(c)Plotsofthemovementsanddisplacement
of the epimastigote of panel (a). The arrows indicate the symmetry of parasite and ﬂagellar wave contours during the cell displacement.
(d)ﬂagellarbeatingthatdirectstheepimastigotemotility;(e)
sporadicasymmetricbase-to-tipbeatsthatrepresentaciliary
beat of trypanosomatid ﬂagella and produce a directional
drift for the cell.
As for other trypanosomatids, the epimastigotes of T.
cruzi swim very actively in any direction in the culture
medium while leading with the anterior end. The parasite
motility analysis presented in this work indicates that the
cell traces have patterns similar to those previously reported
for T. brucei [26, 27] and that the beating initiated from the
ﬂagellar tip is similar to that reported for Leishmania [22]
and T. brucei [20]. This property of trypanosomatid ﬂagella
is distinctive compared with most other organisms in which
beating is initiated from the proximal end of the ﬂagella.
In these organisms, it was believed that bend formation
and sustained regular oscillation depended upon a localized
resistance to interdoublet sliding, which is usually conferred
by structures at the ﬂagellar base, known as the basal body.
Similarly, in trypanosomes, it has been proposed that they
may have some tip initiating or capping structure to provide
resistance to doublet sliding in a manner similar to the basal
body. This attachment structure has been found in Crithidia
deanei, Herpetomonas megaseliae, Trypanosoma brucei,a n d
Leishmania major [28]; therefore, this structure may also6 Journal of Biomedicine and Biotechnology
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Figure 3:Illustrationoftheciliarybeatof T.cruzi.Theforwardparasitemotilityresultingfromtip-to-baseﬂagellarwavepropagation(panels
a–d) was interrupted by a sudden pause in which almost no movement of the parasite was observed (Ø). A base-to-tip wave propagation was
observed before the parasite reinitiated the tip-to-base ﬂagellar beat that resulted in a very little translational motion and clearly reoriented
the parasite re-orientation and restarted the forward motion of the cell (panels f–i). These images correspond to those from an epimastigote
obtained from the light blue region of Figure 1.
be present in T. cruzi, although future experiments will be
needed to demonstrate this characteristic.
The beat initiation from points other than the ﬂagellum
tip, as reported for L. major and T. brucei,w a sd i ﬃcult to
evaluate in the T. cruzi epimastigotes because high-speed
video microscopy was not used in this work. However,
it was possible to detect that in addition to the tip-to-
base ﬂagellar wave, the epimastigotes also showed another
type of beat that was propagated in the opposite direction
(base-to-tip, which is characteristic of ciliary beating) at a
much smaller frequency and in a highly asymmetric mode.
This ciliary beat started spontaneously and interrupted the
initiation of the main tip-to-base beat, producing a sudden
pause in which almost no movement was observed. Then,
a short interval of base-to-tip waves was noted before the
parasite reinitiated the tip-to-base ﬂagellar beat that resulted
in a very little translational motion and clearly produced
a change in epimastigote orientation and the resumption
of forward cell motion. This switch between ﬂagellar and
ciliary beating has been reported in T. brucei [20], L. major,
C. deanei, C. fasciculata [22], and C. oncopelti [29]. These
results indicate that these organisms are able to sustain at
least two kinds of beat types and suggest that they are likely
able to maintain other types of beats when are in diﬀerent
microenvironments during their life cycle.
The variability of movements and trajectories of T. cruzi
epimastigotes is consistent with the tumbling, intermediate,
and persistent motility modes observed in T. brucei. These
motility modes are the result of the cell elongation that
correlates with cell stiﬀness, which has been shown to aﬀectJournal of Biomedicine and Biotechnology 7
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Figure 4: Quantitative motility analysis of free-swimming epimastig-
otes. The analysis of motility traces of ﬂuorescent epimastigotes
showed that the average velocities of the parasites ranged from
1μm/10second to 400μm/10sec. The histograms show the range
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Figure 5: Analysis of cell speed. The speeds at which cells traveled
through consecutive points during 1-sec time intervals were quan-
tiﬁed in CFSE green ﬂuorescent-labeled epimastigotes. The his-
togram is representative of the average behavior of 20 randomly
selected epimastigotes.
not only ﬂagellar velocities but also the directionality of
parasite movement [21]. In T. brucei bloodstream forms,
the ﬂagellum runs along the cell body, resulting in complex
body deformation during swimming, in which the straighter
cells swim more directionally and cells that exhibit little net
displacement appear to be more bent. Therefore, the pre-
dominance of directional motility in T. cruzi epimastigotes
could have resulted from the higher amount of the straighter
form of the cells, possibly because their ﬂagellum runs along
a short region of the cell body and because nonextensive
parasite deformation is observed during cell swimming.
A recent analysis of the structural organization of the
PFR of T. cruzi epimastigotes in ﬂagella in straight versus
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Figure 6: Analysis of ﬂagellar rotational angle. The angles between
two consecutive displacements were calculated for each parasite.
The histogram is representative of the average behavior of 20
randomly selected epimastigotes.
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Figure 7: Analysis of parasite trajectory. The trajectory of free-
swimming epimastigotes was determined using the speed and
rotational angle results form a 10-second recording. The histogram
is representative of the average behavior of 20 randomly selected
epimastigotes.
bentstates[5]suggeststhatthePFRchangesaccordingtothe
movement of the axoneme. The PFR is composed of discrete
ﬁlaments structured in lattice-like arrays with three distinct
domains (proximal, intermediate, and distal), and it has
been proposed that the three domains may work together.
According to this proposal, when the proximal domain is
compressed, the distal or opposite domain is stretched in an
alternatingpatternduringﬂagellarbeating.Theintermediate
domain would follow this dynamic of movement, and in a
bent state, the ﬁlaments would get closer [5]. Therefore, the
diﬀerent motility modes observed during the swimming of
epimastigotes could be an indication that the intermediate
domain is able to change its position between the proximal8 Journal of Biomedicine and Biotechnology
and distal ﬁlaments, allowing the switch between ﬂagellar
and ciliary beating. The movement of this domain would
alternate the periods of translational cell movement, tumble,
and shutdown of the parasite and result in the consequent
reorientation of the epimastigotes. The mechanism by which
the diﬀerent modes of motility are coordinated is still
unknown, but the minor components of the PFR [30]c o u l d
participate as motor, anchoring, or connector proteins in the
diﬀerent modes of movement. However, future biochemical
and genetic studies will be necessary to determine the type,
function, and possible participation in the ﬂagellar beat of
these proteins.
The symmetry and equal amplitude waves through the
ﬂagellum observed in the directional motility of T. cruzi
epimastigotes closely resemble that reported for promastig-
otes of L. major, which also has a free ﬂagellum that is
only attached along a short region of the cell body [22, 31].
Quantitative analysis of the rotational angle and study of
separated parasite displacement and ﬂagellar beating, using
the corresponding ﬁxed and superimposed images, revealed
that, as in Leishmania, T. cruzi did not show changes in
amplitude as the wave travelled from tip to base. In contrast,
in T. brucei, the amplitude was reduced toward the proximal
end, possibly due to the attachment of its ﬂagellum along
most of the cell body [20]. To test this hypothesis, future
experimentscomparingtheﬂagellarbeatingofepimastigotes
versus bloodstream and metacyclic trypomastigotes of T.
cruzi will be useful.
The trypanosomatid ﬂagellum is completely diﬀerent
from rotary-motor based bacterial ﬂagella [32]a n dm o r e
complex than most other microtubule-based eukaryotic
ﬂagella [33, 34]. T. cruzi, like the other two “Tritryps” whose
genome sequences have been determined, can be genetically
manipulated for functional studies, is easily grown and
transformed in culture, and its motility is an important
part of its life cycle. For these reasons, the “Tritryps” are
becoming very attractive models for the analysis of ﬂagellar
function and the study of genes involved in human genetic
disorders linked to ﬂagellar motility defects. Therefore, the
quantitative description of motility and ﬂagellar beating of
T. cruzi r e p o r t e di nt h i sw o r kp r o v i d e sau s e f u lp l a t f o r m
for future genetic experiments to test parasite motility and
ﬂagellar function hypotheses.
In summary, our quantitative motility analysis results
oﬀer insights into ﬂagellar beating of the American trypano-
some and provide new detail on an important, yet poorly
understood, motility mode of T. cruzi.
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